Focal motor seizures are characterized by transient motor behaviour that occurs simultaneously with paroxystic activity in the controlateral motor cortex. The implication of the basal ganglia has already been shown for generalized seizure but the propagation pathways from the motor cortex towards the basal ganglia during focal motor seizures are largely unknown. With a better knowledge of those pathways, a therapeutic modulation for reducing drug resistant motor epilepsy could be considered. Here, we recorded single-unit activities and local field potentials in the basal ganglia of two Macaca fascicularis in which acute focal motor seizures were induced by the injection of penicillin over the arm motor cortex territory. Each neuron was characterized using its mean firing rate and its type of firing pattern during interictal periods and seizures. Time-frequency analyses of local field potentials and electroencephalographic signals were used to assess dynamic changes occurring during seizure at a larger spatial level. The firing rate of neurons of input stages of basal ganglia (subthalamic nucleus and putamen) and those from the external part of the globus pallidus were significantly higher during seizures as compared to interictal periods. During seizures, the proportion of oscillatory neurons in subthalamic nucleus (71%), external globus pallidus (45%) and putamen (53%) significantly increased in comparison to interictal periods. Rhythmic activity was synchronized with ictal cortical spikes in external globus pallidus and subthalamic nucleus, but not in the putamen which oscillated faster than motor cortex. In contrast, no significant modification of the firing rate of the output stages of basal ganglia (internal part of the globus pallidus, substantia nigra pars reticulata) could be found during seizures. The local field potentials of subthalamic nucleus and external globus pallidus changed abruptly at the onset of the seizure, showing synchronization with the cortical activity throughout the seizure. In putamen, the synchronization appeared only by the end of seizures and for the two output structures, despite some increase of the oscillatory activity, the synchronization with the cortex was not significant. Our results suggest that the subthalamo-(external)-pallidal pathway is the main subcortical route involved during ictal motor seizures. Surprisingly, ictal activity did not propagate to the output structure of basal ganglia in that model. This finding may be important for clinical decisions of targeting when considering anti-epileptic neuromodulation in human beings suffering from disabling, drug resistant motor epilepsy.
Introduction
Epilepsy is a common neurological disorder affecting $1% of the population. Motor epilepsy is particularly challenging because of its frequent drug resistance and of the difficulty to perform any surgical resection of motor strip unless the presence of definitive partial or complete contralateral motor deficit. Seizures originating primarily from the motor strip can be tonic and/or can create clonic jerks of any part of the contralateral hemibody. Under the neocortex, the basal ganglia constitute a network of interconnected structures largely involved in sensory-motor integration and motor control (DeLong, 1990; Graybiel, 1995) . It can thus be assumed that epileptic discharges originating in the primary motor cortex would then influence neurons of the motor part of basal ganglia. In human epilepsies, some clinical imaging reports have underlined this possibility during seizures with secondary generalization (Blumenfeld et al., 2009) or during epilepsia partialis continua (Cockerell et al., 1996) . Electrical stimulations also provide interesting insights on basal ganglia involvement in network mechanisms of epilepsy (David et al., 2010) , which appears crucial because of their gating action. At the input level, the striatum and subthalamic nucleus (STN) receive massive afferences from motor cortex identified as the focus in motor focal epilepsy. In turn, they send efferences to output structures of basal ganglia (internal globus pallidus and substantia nigra pars reticulata) via an indirect (through the external globus pallidus) and a direct pathway (Albin et al., 1989; DeLong, 1990; Berendse and Groenewegen, 1991; Parent and Hazrati, 1995) , which are massively connected to the thalamo-cortical circuit known to strongly contribute to epileptic processes of synchronization and generalization (Buzsaki et al., 1990) . Beyond this, it has been proposed and demonstrated in animal models that basal ganglia are involved during epileptic seizures either passively as a propagation network of discharges (Turski et al., 1990) or actively as a modulatory circuit of cortical excitability (Gale and Iadarola, 1980) .
To date, however, only few data supporting the contribution of the basal ganglia in focal motor epilepsies, either in the propagation of seizures or in their control by stimulation, have been published. Deoxyglucose autoradiography studies on motor seizure induced by penicillin showed the implication of putamen, pallidum and substantia nigra pars reticulata in monkey (Faeth et al., 1954; Udvarhelyi and Walker, 1965; Caveness et al., 1980; Kato et al., 1980; Hosokawa et al., 1983) and in rat (Collins, 1976; Collins et al., 1976) . Electrophysiological recordings have shown that neuronal activity of caudate nucleus, entopeduncular nucleus and substantia nigra pars reticulata is modified by interictal spikes produced by penicillin injection in the neocortex of the cat (Neafsey et al., 1979) and rat (Kaniff et al., 1983) . In the penicillin monkey model, internal globus pallidus stimulation was found to be pro-convulsive whereas, in the alumina cream monkey model of motor focal seizure, 100-Hz electrical stimulation of the head of caudate nucleus could reduce the frequency of seizures (Oakley and Ojemann, 1982) . In humans, an open pilot study conducted in our group showed that in three patients suffering from partial central epilepsy, high frequency stimulation of STN-reduced seizure frequency by 67% up to 80% (Chabardes et al., 2002) suggesting that STN was involved during partial motor seizure.
In this report, we studied the activity of basal ganglia during focal motor seizures experimentally induced by the injection of penicillin within the primary motor cortex. Single unit activity, local field potentials of basal ganglia and epidural EEG were obtained on two monkeys. Each neuron was characterized using its mean firing rate and its type of firing pattern (rhythmic oscillatory or irregular) that were studied during interictal periods and at the onset/offset of seizures, in regards to a recent study that reported a strong heterogeneity of cortical spiking activity in the early stage of seizure contrasting with a hyper-synchronization at the offset (Keller et al., 2010; Truccolo et al., 2011) . Timefrequency analyses of local field potentials and EEG were used to assess dynamic changes occurring during seizure at a macroscopic scale in terms of power and coherence between the motor cortex and basal ganglia. From those data analyses, we propose a global portrait of propagation pathways within the basal ganglia of focal motor seizures.
Materials and methods

Animals
This study was conducted on two monkeys (Macaca fascicularis, 4.5 and 5.2 kg) individually housed in a temperature (24 AE 1 C) and humidity (50 AE 5%) controlled facility with a 12 h light-dark cycle (lights on 8:00 a.m.). Each monkey had free access to standard primate chow and water, and supplemental fruit was given twice a day. The experiments were performed in accordance with the French guidelines on the use of living animals in scientific investigations with the approval of the local Ethical Committee for care of laboratory animals. All participants received proper training and certification for animal experimentation. Every effort was made to minimize animals suffering while maximizing the data obtained.
supplementary doses of both (5 and 0.5 mg/kg for maintenance intramuscularly, respectively). In addition, 1% lidocaine was used for local anaesthesia of the scalp and muscle. Saline solution (NaCl 0.9%, Sigma-Aldrich) was continuously infused intravenously during the operation for drug access and hydration. Teleradiographic X-rays allowed the identification of ventriculographic landmarks (midline, anterior and posterior commissures, height of the thalamus) obtained using a cannula stereotactically placed on the right lateral ventricular through which 2 ml of ventricular contrast (Iopamiron 200, iodine 200 mg/ml, Bracc) was injected. A 16-mm stainless steel recording chamber (Crist Instruments) was stereotactically cemented to the skull over a trephine hole to allow access to the basal ganglia structures. The recording chamber was tilted 8 laterally in the coronal plane with its centre located above the STN located at the following stereotactic coordinates: anterior 6/12th of the anterior commissure-posterior commissure line, lateral 5-6 mm, height: À1/8th of the height of the thalamus below anterior commissure-posterior commissure line. Ventriculography based coordinates of the STN were compared with those obtained from an available atlas of M. fascicularis (Szabo and Cowan, 1984) . In addition, a stainless steel head holder (Crist Instruments) was placed on the back of the skull to maintain placement of the monkey's head.
In order to identify the motor region of the arm, we used epidural bipolar stimulation (1-5 mA, 5 Hz, DS8000, WPI) delivered above the presumed motor cortex through a small craniotomy (5 mm in diameter). A cannula was then inserted across the skull over the arm motor cortex territory for further penicillin injection. Five epidural screw electrodes were implanted as follows: one 2 mm lateral to the epileptic focus, one 2 mm medial, two bilaterally in the frontal region and the reference electrode in the occipital region. A computer socket was connected to these four epidural electrodes. All equipment was affixed to the skull with fixing screws and embedded into a dental acrylic cap.
Seizure induction
Seizures were induced by penicillin (Peni G sodium, Panpharma) injection into the motor cortex. A total dose of 1500-8000 UI of Peni G sodium (7.5-40 ml of 2 000 000 UI/ml) was injected over periods of 5-25 min, using a mechanical pump connected to a Hamilton syringe (1.5 ml/min). This device was subsequently removed 5 min after the end of the injection. Experimental sessions were repeated on the same monkey, at least 1 week apart to allow recovery of the animal.
Data acquisition
Before surgery, each monkey was habituated to stay on a primate chair. After 1-2 weeks of postoperative recovery period, the monkey was placed on a restraining chair and its head was fixed by means of a head holder that allowed free movements of limbs. Single unit activity recordings were obtained with four epoxylite tungsten microelectrodes 500 mm apart (impedance 0.5-1 MV, FHC, Frederick Haer Co.) that were confined within a cylindrical guide and lowered individually into the motor part of basal ganglia using a motorized system (EPS, Alpha Omega). The electrical signal was amplified and band-pass filtered between 3 Hz and 1 kHz and digitally sampled at 24 kHz to record unit activity; or band-pass filtered between 0.3 Hz and 300 Hz and digitally sampled at 3 kHz to record local field potentials. EEG was collected simultaneously to single unit activity and local field potentials from epidural screws. The signal was amplified, band-pass filtered (0.3-300 Hz) and sampled at 300 Hz (MCP and AlphaMap, Alpha Omega). Due to experimental limitations, only one basal ganglia structure was sampled at a time.
Data analysis
Ictal and interictal periods were clearly distinguished using visual inspection of the motor symptoms and EEG. A total of 65 seizures were used in this report. They were electroclinically characterized by repetitive cortical spikes (3-5 mV; 3.62 AE 1.26 spikes/s) associated with contralateral upper limb motor contraction. Mean duration of seizures was equal to 34.1 AE 25.3 s. Only ictal periods that remained stationary during at least 10 s were considered for further analysis. Finally, we compared the interictal period with the ictal period and with the first and the last 3 s of seizure periods (referred as onset and offset, respectively). The duration of onset and offset was defined as the 10% of the mean seizure duration.
Single-unit activity
Microelectrode recordings allowed us to isolate single-units in each basal ganglia structure. Neurons were included for final analysis if they were well isolated and sampled for at least 500 events during interictal and ictal periods. Neurons with a ratio spike/noise 53 or neurons lost during the seizure were rejected. Action potentials were transformed into spike trains using a template-matching algorithm (Spike 2, CED Software). The isolation quality was verified both by a principal components analysis and by a refractory period calculated on interspike interval (42 ms; Fee et al., 1996) . In addition, for the substantia nigra pars reticulata neurons, we included only neurons with an average firing rate exceeding 20 spikes/s to exclude substantia nigra pars compacta neurons (Elias et al., 2008) . For each neuron, we calculated the mean firing rate for different periods: interictal, ictal, onset and offset. For these periods, single unit periodic oscillations were detected using the autocorrelogram of spike trains (width 1 s; bin size 0.001 s; Spike 2, CED Software). Autocorrelograms with at least two significant peaks distinguished oscillatory from non-oscillatory discharges. Peaks were considered significant if they were found above the confidence line set at mean + 2 SD. Spike trains were transformed from a series of events to a continuous function (spike density) representing the instantaneous frequency of spikes (using a convolution with a bell-like smoothing kernel of 0.1 s width and unit area sampled at 300 Hz, as provided in the EventToWaveform function from Spike 2, CED Software; Levy et al., 2000) . Frequency spectra of spike density and EEG were calculated using the Fast Fourier Transform function of Spike 2 within the 0.5-15 Hz range (Hanning window, resolution 0.75 Hz). A confidence line, based on mean + 2 SD, was determined (represented by dashed line in figures) and used to identify significant oscillatory frequencies. For the oscillatory cells, a peri-stimulus histogram and a phase lag analysis triggered on EEG peaks (determined manually) were performed using 'Event Correlation' and 'Phase spectrum' functions from Spike 2 (width: 0.5 s, bin: 0.01 s and offset: 0.1 s for the peri-stimulus histogram; 10 resolution, minimum cycle: 0 and maximum cycle: 0.5 s for the phase spectrum). Confidence lines of peri-stimulus histogram were calculated based on mean + 2 SD of the interictal peri-stimulus histogram.
Local field potentials
We used local field potentials obtained from the subcortical microelectrodes and from the four EEG electrodes (referential montage) to study the changes occurring during seizures at a larger spatial scale: 19, 22, 9, 7 and 5 seizures were analysed for STN, external globus pallidus, putamen, internal globus pallidus and substantia nigra pars reticulata, respectively. The first and last epileptic spikes of each discharge were used to define the onset and termination, respectively. The time window of analysis of each seizure was defined to contain 5 s both before onset (defined as the interictal period) and after termination. First, the amplitude (square-root of power) of oscillatory activity between 1 and 60 Hz was obtained using standard time-frequency analysis based on the Morlet wavelet transform (Le Van Quyen et al., 2001) . The coherence between each basal ganglia structure and EEG recorded over the primary motor cortex was also computed. Second, we normalized the time frequency charts for each seizure using the following methods: for each frequency, the mean of the corresponding interictal period was subtracted from the data and then de-meaned data were divided by the standard deviation of the interictal period. Finally, the typical time-frequency pattern of all recorded seizures for each basal ganglia structure was defined as the median value over seizures of the normalized time-frequency charts computed as such. Before median averaging, time-frequency charts were resampled linearly on an arbitrary timescale to normalize seizure duration.
Statistical analysis
The statistical reliability of differences between periods of interest (interictal, ictal, onset and offset of the seizure) was assessed by a Friedman repeated measures test for paired quantitative data and McNemar's test for post hoc analysis. The oscillatory frequency of unit and EEG were compared with a paired t-test and the categorical data were analysed by a Cochran's test. All quantitative data were expressed as mean AE SD and P 5 0.05 (corrected for multiple comparisons) were accepted as statistically reliable.
Histology
On completion of the experiment, each recording track was marked with an electrolytic lesion, made with a direct current applied for 1 min at 2-4 mA (DS8000, WPI). The animals were killed by an overdose of pentobarbital (100 mg/kg) and the brains were immediately removed from the skull and frozen in isopentane at À40 C. For verification of the recording locations, the brain was cut on a freezing microtome into 40-mm sections mounted onto gelatinized slides and prepared for cresyl violet staining. Recording sites were reconstructed on the basis of the electrolytic lesion and of the linear gliosis associated with microelectrode tracks. Traces of recorded tracks were plotted onto stereotactic planes that were matched with the ventriculographic landmarks ( Fig. 1) .
Results
Recording tracks
Electrophysiological mapping of basal ganglia was performed to delineate targets before any penicillin injection ( Fig. 1 and Supplementary material). STN was clearly distinguished by its typical neuronal activity (dense and tonic) that differed from that of the zona incerta (low neuronal activity) located just above (Starr et al., 2000) . Below the STN, the substantia nigra pars reticulata was easily recognized from action potentials that were less numerous and more regular. Neurons of the external globus pallidus were identified by a high frequency discharge with intermittent pauses whereas it was continuous for internal globus pallidus neurons (DeLong, 1971). The putamen was the first deep neuronal activity encountered below the cortex and was clearly recognized by its tonic neuronal activity (Raz et al., 1996) . At the end of experiments, we included in this study a total of 5, 3, 3, 3 and 3 tracks in the motor parts of STN, external globus pallidus, putamen, internal globus pallidus and substantia nigra pars reticulata, respectively (Parent and Hazrati, 1995) , from which 35, 22, 30, 25 and 16 neurons were recorded during interictal and ictal periods, respectively (Table 1) .
Cortical activity during interictal and ictal periods
In both animals, seizures were characterized by sudden tonic contractions of the contralateral arm that were followed by contralateral repetitive jerks of the arm time-locked with spikes of large amplitude (from 3 mV to 5 mV (Fig. 4) . At the onset, the main frequency of oscillations of STN and external globus pallidus cells was significantly higher than that of cortical oscillations (2.96 AE 2.34 Hz for cortex versus 4.16 AE 2.26 Hz for STN; P = 0.011 and 2.27 AE 0.78 Hz for cortex versus 8.27 AE 5.49 Hz for external globus pallidus; P 5 0.001). However, the frequency of STN and external globus pallidus oscillations progressively decreased during the course of the seizure. At the offset, STN and external globus pallidus oscillatory bursts were time-locked with cortical spikes (Fig. 3 and Table 1 ). This typical firing appeared shortly after the EEG peaks (0.03 s) and the phase relative to the EEG peaks was between 0 and 60 (Figs 3 and 4).
Putamen neurons
In putamen, cells fired significantly faster during seizure as compared to interictal periods (Table 1, Figs 2 and 5) . In parallel, the proportion of cells that became oscillatory increased from 17% during interictal periods to 53% (P = 0.006) during seizures (Table 1 and Fig. 5B ). This increase was significant when comparing the interictal period with the seizure offset (43%). During the entire duration of seizures, the frequency of putamen oscillations remained twice as high than that of cortical oscillations (onset: 5.83 AE 1.83 Hz versus 2.93 AE 1.91 Hz, P 5 0.001 and offset: 4.50 AE 2.16 Hz versus 2.88 AE 1.46 Hz, P = 0.008). This phase decoupling was obvious at the end of the seizure; the peri-stimulus histogram relative to the EEG peak was clearly bimodal with a first peak at 0.035 s and a second one at 0.33 s with respect to the EEG peak (Fig. 4) .
Internal globus pallidus and substantia nigra pars reticulata neurons
In internal globus pallidus and substantia nigra pars reticulata, no significant modification of the firing rate was found during seizures (Table 1 , Figs 2 and 6). The oscillatory frequency was stable throughout seizure at a frequency similar to that of cortical oscillations (Table 1) . However, comparing the interictal to the ictal periods, there was a significant increase in the number of oscillatory cells in internal globus pallidus (from 16% to 44%, P = 0.035). Contrary to the input structures, this significant increase of the number of oscillatory cells was not found at the offset of seizure and the peri-stimulus histogram of the oscillatory cells did not show any firing rate modification time-locked with the EEG peaks (Fig. 4) . No significant increase of the oscillatory pattern was noted in substantia nigra pars reticulata (13-25%, P = 0.608 for substantia nigra pars reticulata).
Local field potential amplitude and subcortical-cortical coherence 
Subthalamic nucleus and external globus pallidus
In STN, time-frequency analysis showed significant activity mainly in the broad band g during the whole progression of the seizure. Around the end of the seizure, significant oscillations were also noted in the upper b-band (25-30 Hz). Coherence analysis between cortex and STN was strong during the time course of the seizure mainly in the g-band (455-60 Hz) and the upper b-band (30 Hz). In external globus pallidus, significant oscillations in the lower b-band (12-15 Hz) appeared during the first third of the seizure that preceded a broad band g activity that was present during the remaining of the seizure. Coherence between cortex and external globus pallidus demonstrated some interaction in the broad band b and g during all of the seizure but the strength of coherence did not reach that of STN-cortex.
Putamen
Significant oscillations were seen first in the theta (y) up to lower b-bands (5-15 Hz). They were followed by significant oscillations in the upper b (20-30 Hz) and in the lower g (40-55 Hz) bands. Only in the second half of the seizure was significant coherence with the cortex seen between 20 and 45 Hz.
Substantia nigra pars reticulata and internal globus pallidus
In internal globus pallidus, strong g oscillations, and to a lesser degree b-band oscillations, were noticed during the whole duration of the seizure. Coherence between cortex and internal globus pallidus was not significant during the first half of the seizure and tended to increase mainly in the upper b-band (25-30 Hz) at the offset. Figure 1 Localization of recording tracks performed in each basal ganglia structure according to the anterior commissure-posterior commissure line and replaced on atlas and radiographic merged plates. Each point represents the location from which we recorded neurons in the putamen (Put; white), in the external globus pallidus (GPe; blue), in the internal globus pallidus (GPi; yellow), in the substantia nigra pars reticulata (SNr; red) and in the STN (green).
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In the substantia nigra pars reticulata, b-and g-band oscillations were significant at the onset and during the time course of seizure; however, no significant coherence was found with the cortex.
In summary, the most significant coherence with the cortex was seen in STN and external globus pallidus. Interestingly, coherence between the putamen and the cortex was engaged only in the second half of the seizure and coherence remained marginal in the internal globus pallidus and substantia nigra pars reticulata, though changes in amplitude of oscillations could be observed.
Discussion
In this study, we induced partial motor epileptic status characterized by focal neocortical paroxysmal discharges time-locked with contralateral tonic posture and clonic jerks involving the brachio-facial motor territory. Simultaneously, we investigated changes of single unit activity and local field potentials of basal ganglia with concomitant EEG recordings of the motor epileptic focus. During seizures, we observed: (i) a significant increase of mean firing rate of STN and external globus pallidus neurons and a progressive appearance of an oscillatory firing time-locked with neocortical ictal spikes; at a larger spatial scale, b and g local field potential oscillations occurred in STN and external globus pallidus during the entire seizure and were coherent with the cortex; (ii) a significant increase of mean firing rate of putamen neurons but with an oscillatory pattern that changed along the course of the seizure and became faster than neocortical ictal spikes suggesting a possible degree of decoupling between putamen and cortex. In addition, putamen local field potential Values are mean AE SD; NA = not-applicable; NS = not significant; *P 5 0.05, **P 5 0.01. GPe = external globus pallidus; GPi = internal globus pallidus; RMANOVA = repeated measures ANOVA; SNr = substantia nigra pars reticulata. Duration of seizure, firing rate frequency and oscillatory frequency are means AE SD. Brackets behind the percentage contain the number of cells from both monkeys. Firing rate was compared with Friedman repeated measures for paired data and McNemar's test for post hoc paired comparison. The number of oscillatory cells was compared with a Cochran's test and the oscillatory frequency with a paired t-test. *P 5 0.05; **P 5 0.01.
oscillations were distributed in the y, b and g bands and coherence with the cortex was significant only during the second half of the seizure. The coupling between cortex and putamen was different and remarkable as compared to other basal ganglia structures as it changed over time; and (iii) no significant change in mean firing rate and local field potential coherence was found within the output stages of basal ganglia (internal globus pallidus, substantia nigra pars reticulata).
Subthalamic nucleus and external globus pallidus receive propagating oscillations from primary motor cortex
Our data suggest that the direct pathway (cortex ! STN) is strongly involved during the motor seizure because of significant coherence of oscillations between the cortex and STN during seizures. The increase of firing rate of STN neurons and the appearance of bursts during the seizure are likely to be due to powerful monosynaptic glutamatergic inputs from cortico-subthalamic neurons (Kitai and Deniau, 1981) . As a correlate, it has already been shown that STN neurons in rats exhibited bursting activity closely matched with the frequency of neocortical slow-wave (Magill et al., 2005; Paz et al., 2005) and were abolished by cortical ablation (Magill et al., 2001) . In addition, it has been shown that STN innervates in turn the frontal cortex in rats (Degos et al., 2008) and this could constitute a functional cortico-STN pathway of propagation of pathological oscillations. However, this direct STN-cortex connection has not been demonstrated in primates so far. Alternatively, according to the generally accepted functional organization of basal ganglia, STN activity could activate output structures of basal ganglia, which would then modify cortical activity through the thalamus. The similar dynamic changes expressed by external globus pallidus neurons can be explained by the existence of reciprocal anatomical connections between external globus pallidus and STN (Parent and Hazrati, 1995; Shink et al., 1996; Parent and Parent, 2007; Baufreton et al., 2009 ) and the intrinsic properties of STN and external globus pallidus neurons that might favour or reinforce the emergence of oscillatory activity between both of these structures (Plenz and Kital, 1999) . In addition, in vivo experiments on parkinsonian rats found recurrent excitation inhibition in the STN/ external globus pallidus network that could support b oscillations (Mallet et al., 2008) suggesting that STN-external globus pallidus Our single unit activity data are in accordance with the local field potential recordings that mainly showed strong coherent oscillations between STN-cortex and external globus pallidus-cortex in b and g bands. Interestingly, only g oscillations, a marker of the seizure onset zone (Bartolomei et al., 2008; David et al., 2011) , were transmitted from the cortex to the STN at the onset, and preceded b oscillations that reached the STN in the second half of the seizure. The external globus pallidus, as did the STN, expressed g oscillations during the entire seizure, which is likely to be due to the excitatory STN inputs. But external globus pallidus also showed b oscillation at the onset that was not seen in STN and which is likely to be driven by the putamen that expressed a similar pattern at the onset (see below). However, because STN, external globus pallidus and putamen were not recorded during the same session, we could not make any causality analysis between concurrent signals to further decode how oscillations propagate. Those data are in contradiction with a previous electrophysiological study (Hamer et al., 2003) obtained in humans suffering from motor clonic seizure and in whom a weak involvement of the STN during seizure was reported. However, in this study, only one patient had a depth electrode implanted bilaterally in the STN and one could argue for a larger sampling within the STN in experimental conditions, which cannot be performed easily in humans.
A relative independence of the putamen to cortical synchrony transmission Neurons of putamen exhibited a significant increase of firing rate at the onset associated with an increase of oscillatory patterns and the appearance of bursts during the course of seizures. However, the proportion of putamen neurons that turned into an oscillatory mode was less important than those recorded into the STN and the external globus pallidus and their oscillatory frequency remained twice as high than those of cortical spikes. The existence, in the striatum, of several types of neurons (medium spiny neurons and four types of interneurons) has been reported in rats (Berke, 2011) and can explain that some neurons did not oscillate and might further explain a lower proportion of oscillatory neurons as compared to STN and external globus pallidus. It has also been suggested that dopaminergic activity may have a desynchronizing effect on the cholinergic interneurons of the striatum in monkeys (Raz et al., 1996) so that in a non-dopamine depleted condition, which is the case during motor seizures, the striatum might tend to desynchronize oscillations received from the cortex and thus might limit oscillations within the entire basal ganglia network. The decoupling of phase between cortical rhythm and putamen observed during seizure may be seen as a physiological adaptation of basal ganglia to modulate ictal activity transmitted to output structures of basal ganglia. Whether the therapeutic reinforcement of this inhibitory pathway will lead to a reduction of seizures needs to be assessed.
Involvement of output basal ganglia structures
Regarding output structures, internal globus pallidus neurons exhibited irregular fast activity during seizures and neither the firing rate nor the firing pattern changed significantly. At the local field potential scale, internal globus pallidus oscillated with the cortex only at the end of the seizure in the b-band while some significant correlations were noticed in the g-band from the onset to the offset of the seizure. Those g-band oscillations could be driven by the STN through direct glutamatergic transmission and, to a lesser extent, from putamen and external globus pallidus. b-Band oscillations could be driven by b oscillations of the putamen as they do appear at the end of seizure in both structures; however, because recordings in the different basal ganglia were not simultaneous, we could not confirm these assumptions with more precise phase analyses.
Substantia nigra pars reticulata neurons were not significantly involved though few cells tended to oscillate with ictal spikes. This result could be explained by the massive efferent GABAergic inhibitory neurons received from the putamen which could break down the propagation of excessive cortical activity as seen above in the cortex-STN-external globus pallidus network to output structures. Our findings are not in agreement with previous studies that have shown that the substantia nigra pars reticulata was implicated during initiation, propagation and after termination of the seizure in rats (Garant and Gale, 1987; Deransart et al., 1996; Gale, 2004) . This discrepancy might be related to the type of epilepsy model studied. Indeed, most of the studies have been performed in generalized epilepsy models which involve, by definition, most of the cortex and other parts of the brain including the basal ganglia structures, whereas only a small part of the motor cortex was involved during seizures recorded in our study. To our knowledge, only one electrophysiological study performed in rats in which focal seizures were obtained by local application of penicillin showed that 50% of substantia nigra pars reticulata cells responded to ictal spikes (Kaniff et al., 1983) . However, this experiment was performed under urethane anaesthesia, which is known to modify neuronal responses and makes the comparison difficult with our study performed in awake primates. The weakness of implication of the output structure in our study is thus surprising but might reveal a possible alternative anatomical pathway followed during propagation of the focal seizure: (i) through a subthalamo-cortical connexion as recently described in rats (Degos et al., 2008) ; and (ii) through direct projection from STN to the ventral thalamus as recently reported in monkeys (Rico et al., 2010) .
Possible confounds
Model of seizures
The model of penicillin-induced seizures has been previously described in non-human primates and sheep with good inter-and normalized by the baseline level (z-score) and the median value between seizures has been taken for each pixel. Arrows (solid: excitatory connection; broken: inhibitory connection) indicate the standard connectionist model of interactions from cortex towards basal ganglia with direct, hyperdirect and indirect pathways. Colours code the standard deviations from interictal period. GPe = external globus pallidus; GPi = internal globus pallidus; SNr = substantia nigra pars reticulata. intra-individual reproducibility of seizures Hosokawa et al., 1983; Opdam et al., 2002) . However, one could suggest that this experimental model, even in primates, does not mimic epilepsy syndromes seen in humans because there are neither cortical malformations, scars, tumours nor genetic factors that are usually seen in patients suffering from motor seizures. If this experimental model does not share every aetiological aspect of the human disease, it still exhibits a very good isomorphism of symptoms and a good predictability of responses to available anti-epileptic treatments commonly used in humans. Therefore, we have assumed that this model is particularly important to better understand seizure generation and propagation within subcortical structures and to elaborate impending, new therapeutic strategies.
Ictal, interictal and baseline
In our study, we assimilated interictal activity to normal activity, an approximation necessary in order to follow the same neuron during interictal and ictal periods. We could do this approximation because we did not find any significant difference between recordings obtained from normal monkeys during the preliminary step of targeting and those obtained during interictal periods (Supplementary material).
Sampling of basal ganglia
Although we sampled large neuronal populations of every basal ganglion explored, it remains possible that we have recorded some neurons in basal ganglia territory weakly connected to the cortical epileptogenic focus. This could be a reason for the minor involvement of internal globus pallidus and substantia nigra pars reticulata during seizures, which is, however, unlikely since we carefully selected the motor part by using several techniques of target identification (ventriculography, stereotactic atlas and histology). The fact that we recorded some changes in input structures of basal ganglia demonstrates that the recording sites of the electrodes were located in targets connected to the cortical focus. Concerning the output structures, we chose them because they were part of the subcortical motor loops (substantia nigra pars reticulata and dorsolateral part of internal globus pallidus) that we assumed a priori to be the main propagation pathway of motor seizures.
Movement evoked artefacts and micro-recordings
It could be possible that recordings were contaminated by muscle activity that would have artificially modified the firing rate of neurons, especially in STN and external globus pallidus. Also, one could argue that the increase of neuronal activity recorded in external globus pallidus and STN could be related rather to the movement of the contralateral forelimb that could have evoked somatosensory potentials in basal ganglia, than to a direct influence of the synchronized activity of the cortex over the STN-external globus pallidus network. However, this is very unlikely because (i) during all the duration of the recordings (interictal and ictal period) the monkeys could freely move their forelimb, hindlimb, face, eyes and tongue. Therefore, if such an artefact or any evoked somatosensory potentials were contaminating the recordings, they would have been recorded during interictal ('control situation') as well as ictal periods; and (ii) the spike sorting performed in this study was very restrictive and it is very unlikely that any muscle artefact has been considered as a burst of spikes.
Conclusion
We showed that the external globus pallidus-STN network was strongly affected by focal motor seizures. These electrophysiological modifications could reflect a possible implication of these structures during the propagation of motor seizures. The weak modifications found in the output structures (substantia nigra pars reticulata and internal globus pallidus) are surprising but the role of the direct subthalamo-thalamic projection could be more important than we initially expected and could explain these data. From these results, our main predictions are first that a disruption of activity in the STN and/or the external globus pallidus could help in abolishing the expression of motor seizure, and second that the chemical or electrical powering of putamen may also have additional therapeutic effects.
